Abstract The CONSTANS-like gene family has been shown to evolve exceptionally fast in Brassicaceae. In the present study we analyzed sequence polymorphism and divergence of three genes from this family: COL1 (CON-STANS-LIKE 1) and two copies of CO (CONSTANS), COa and COb, in B. nigra. There was a significant fourfold difference in overall nucleotide diversity among the three genes, with BniCOb having twice as much variation as BniCOL1, which in turn was twice as variable as BniCOa. The ratio of nonsynonymous-to-synonymous substitutions (dN/dS) was high for all three genes, confirming previous studies. While we did not detect evidence of selection at BniCOa and BniCOb, there was a significant excess of polymorphic synonymous mutations in a McDonald-Kreitman test comparing COL1 in B. nigra and A. thaliana. This is apparently the result of an increase in selective constraint on COL1 in B. nigra combined with a decrease in A. thaliana. In conclusion, a complex scenario involving both demography and selection seems to have shaped the pattern of polymorphism at the three genes.
Introduction
The fate of duplicated genes has been the object of numerous empirical and theoretical studies since Ohno suggested that most new genes originate through duplication (Ohno 1970 ). Ohno's idea was that while one copy preserves the original function, the other, not being subjected to selection, is free to evolve a new function. Early theoretical studies established that most duplicated genes should become nonfunctional pseudogenes, as deleterious mutations will quickly accumulate (Haldane 1933; Fisher 1935 ). Yet, genomic studies showed that functional duplicated genes are very common (e.g., Lynch and Conery 2000) . How, then, could two copies be maintained in the face of deleterious mutations? Most theories that try to explain the preservation of duplicated copies involve some amount of symmetry breaking. For instance, the so-called DDC model (duplication, degeneration, and complementation) proposes that duplicates are preserved through subfunctionalization whereby different subfunctions of the original gene are partitioned between the two copies (e.g., Force et al. 1999) . Thus both copies are essential to perform the original function. The DDC model has recently gained support, for instance, in yeast (van Hoof 2005) , and subfunctionalization may, more generally, be an important factor, especially in developmental genes, though the part of the gene that is partitioned is the regulatory region and not the coding region (Zhang 2003; Averof 2002 and references therein) . Other factors that can explain the retention of duplicates include concerted evolution (Arnheim 1983) , acting mostly through gene conversion (Innan 2003) , or selection for increased expression (Schranz et al. 2002) , or the opposite, where a gene is expressed under a very short but essential period of time. In addition, it has been argued that paralogous genes encoding multidomain proteins may be retained to mask the effects of dominant negative mutations (Gibson and Spring 1998) .
CONSTANS (CO) in the model organism Arabidopis thaliana is a member of a gene family with a zinc finger domain at the 5 0 end and a CCT (CONSTANS, CON-STANS-LIKE, TIMING OF CAB-EXPRESSION 1) domain at the 3 0 end (Putterill et al. 1995) . The CO gene is an important regulatory gene in the flowering time pathway of A. thaliana and has been shown to promote early flowering in response to long day length (Samach et al. 2000) . At least in plants, the family of CONSTANS-LIKE genes evolves exceptionally fast, even surpassing genes involved in resistance to parasites (Lagercrantz and Axelsson 2000) . The black mustard, Brassica nigra (2n = 16), is an outcrossing annual, closely related to Arabidopsis thaliana. Together with other Brassica species, it likely descends from a hexaploid ancestor, followed by extensive rearrangements, making its genome essentially a triplicated A. thaliana genome (Lagercrantz 1998; Parkin et al. 2005) . This implies that for every gene found in A. thaliana, there are potentially three copies in B. nigra. In a previous study, we identified a major QTL for flowering time in Brassica nigra located in the chromosomal region where CO (BniCOa) is situated and a minor QTL in a genomic region harboring another CO copy, BniCOb (Lagercrantz et al. 1996) . However, variation in flowering time was actually associated with an indel polymorphism in an adjacent gene, BniCOL1, while there was practically no variation at all in BniCOa ( Kruskopf-Ö sterberg et al. 2002) . BniCOL1 is homologous to AtCOL1 (CONSTANS-LIKE 1 [Putterill et al. 1997] ). AtCOL1 is closely related to CO and is located about 3.5 kb upstream of CO in both A. thaliana and B. nigra. Unlike AtCO, altered expression of AtCOL1 in transgenic plants had little effect on flowering time (Ledger et al. 2001) . A later study, carried out under slightly different environmental conditions and incorporating a larger number of populations, retrieved a significant association between indel variation in BniCOL1 and flowering time variation in some populations but not in others, suggesting that the important nucleotide variation for flowering time might not be the indel in BniCOL1 itself but rather a polymorphism in linkage disequilibrium with it. Preliminary data indeed suggest that the intergenic space between BniCOL1 and BniCOa could harbor the causal polymorphism (Krouchi et al., in press ). Importantly, the three duplicate genes, BniCOL1, BniCOa, and BniCOb, are not equivalent. First, they originated at different times . While BniCOa and BniCOb diverged after the split between Arabidopsis and Brassica, COL1 and CO resulted from a duplication event predating the split between Arabidopsis and Brassica. Second, COL1 and CO are closely located on the same chromosome. Generally, the molecular evolution of duplicate loci depends on their genomic location (Thornton and Long 2005) . For instance, there is a tendency for duplicates in regions of low recombination in S. cerevisae to exhibit higher rates of amino acid evolution than their paralogues in regions of high recombination (Zhang and Kishino 2004) . So both age and colocation of the pairs of loci need to be considered when analyzing the data. In this respect it should also be added that although it is possible that more than one copy of COL1 exists in B. nigra, we assume this not to be the case, as we were unable to find additional copies. In other words, the situation is one where we compare one pair of relatively recent duplicates, BniCOa and BniCOb, with its single-copy homologue in A. thaliana and the previously duplicated but today single-copy gene BniCOL1 with its single-copy homologue AtCOL1, keeping in mind that CO and COL1 are also duplicates, though older ones.
In the present study we examine sequence polymorphism and divergence at BniCOa, BniCOL1, and BniCOb to look more closely at the evolutionary history of these three putative flowering time genes. More specifically we addressed three main questions: (i) Is there stronger evidence of selection on BniCOL1 than on BniCOa and BniCOb? (ii) Has selection been acting differently on BniCOL1 than on AtCOL1? And (iii) Is the level of selective constraint on BniCOb consistent with BniCOb being a pseudogene, as suggested by a separate study (Sjödin et al. 2007 )?
Materials and Methods

The Species
In temperate regions, B. nigra was a major mustard crop before the 1950s but has been progressively replaced by B. juncea and is today mainly a weed. However, it is still used as a condiment in India and Ethiopia. Even if B. nigra is not currently the object of extensive breeding, its use as a condiment certainly implies a proportionally strong human influence. Its current natural distribution ranges from the Atlantic Ocean eastward to India and from Southern Scandinavia southward to Ethiopia. It has also been introduced in North America. Its population genetic structure and recent history are still poorly documented, but a previous study using nuclear microsatellites delineated three main groups -European, Indian, and Ethiopian (Westman and Kresovich 1999 In most cases, the samples are from natural populations, although a feral origin cannot be ruled out. We used sequences from A. thaliana as outgroup, accession Y10556 for BniCOa and BniCOb, and accession Y10555 for BniCOL1. To construct the phylogenetic trees, we also used CONSTANS from Cleome spinosa (accession number DQ415922) as an outgroup. CONSTANS in Cleomaceae is an ancestor to both CO and COL1 in Brassicaceae (Schranz and Mitchell-Olds 2006) .
Molecular Methods
Genomic DNA was prepared from leaf samples as described by Liscum and Oeller (1997) . For sequencing we amplified BniCOa using primers CO 101 (5 0 -CTAA CTAACCTTGCTCCTTTTG-3 0 ) and CO 102 (5 0 -ACTTC GGTTTCACTCATCT TTG-3 0 ), BniCOb using primers CO 116 (5 0 -CTCTCTATGGCAAGTGGCAA-3 0 ) and CO 128 (5 0 -CCCATATGCATAACTGTGGC-3 0 ), and, finally, BniCOL1 using primers CO105 (5 0 -GTTGATGGG TCCTACAGAGAGAGAG-3 0 ) and CO106 (5 0 -GGAGTAT TA TGAGAATGAAGGAACAAT-3 0 ). The amplified fragment containing BniCOa was approximately 1700 bp long, including a 445-bp-long 5 0 -UTR, the first exon, the intron, and 250 bp of the second exon. The BniCOb fragment consisted of 195 bp of 5 0 -UTR, the first exon, the intron, and 300 bp of the second exon, while BniCOL1, which lacks the intron, contained 280 bp of 5 0 -UTR and 1050 bp of the exon.
Sequence Alignment
The sequences were aligned using CLUSTAL X ( Thompson et al. 1997) and then edited by hand with the constraint that indels within the coding region did not disrupt the reading frame. As this procedure is somewhat subjective, we tried different alignments and the results appear robust.
Alignments between genes and between species were only meaningful for the coding region.
Intraspecific Polymorphism Analysis
Level of nucleotide polymorphism was summarized by two statistics, Watterson's (1975) h W and Tajima's (1983) h p . We used the v C 2 and v L 2 goodness-of-fit tests (Kreitman and Hudson 1991) to compare the level of polymorphism in the noncoding regions of BniCOa, BniCOb, and BniCOL1. The population recombination rate, q, was estimated with Hudson's (1987) method. Population differentiation was estimated with K ST (Hudson et al. 1992) . Two test statistics of the standard neutral model were used, Tajima's (1989) D and Fay and Wu's (2000) H. Both test statistics compare two estimates of h; Tajima's D measures the standardized difference between h p and h W , while Fay and Wu's H measures the difference between h p and h H . The former is most sensitive to an excess of rare variants, whereas the latter is most sensitive to an excess of high-frequencyderived variants. Both D and H are expected to be close to zero under the standard neutral model. Both tests were carried out with and without recombination, as the lack of recombination makes the tests overly conservative. The McDonald-Kreitman (1991) test was used to test the neutral mutation hypothesis. We corrected for multiple hits using the Yang and Nielsen (2000) method implemented in PAML. To calculate the intraspecific dN/dS ratio we divided the number of segregating nonsynonymous sites, weighted by the approximated number of nonsynonymous sites, by the analogously weighted number of segregating synonymous sites. All statistics, except for the KreitmanHudson (1991) v C 2 and v L 2 goodness-of-fit tests, were calculated with the DnaSP version 4.10 software (Rozas et al. 2003) . The program ms (Hudson 2002 ) was used for coalescent simulations.
Indel Variation Analysis
Most of the variation in our data is due to indels. This information is generally discarded and there is no consensual view on how to analyze indel variation. However, especially in plants, for which the number of sequence differences due to indels can be as much as 55 times more common than nucleotide differences (Britten et al. 2003) , and, in particular, in the present case where indel variation in one of the genes under study has been associated with flowering time , discarding this information seems questionable.
Indel variation can be summarized by two quantities: the number of mutational events creating indels and the number of sites affected by this variation. The two are not equivalent, and notably the former is more sensitive to alignment parameters than the latter. We tallied the number of indel events in the coding region and compared it to different categories of segregating sites in a 2 9 2 contingency table analogous to the McDonald-Kreitman test. The use of the number of sites affected by indels in a similar test is problematic, as can be illustrated by the following example. First, assume that 1 in 10 indel mutations is a very long deletion and that the rest are very short deletions or insertions. We also assume that the fixed and polymorphic categories have five indels each. It may very well be the case, then, that all fixed indels are very short but one of the polymorphic indels is a very long deletion. In this case all tests comparing the number of sites affected by indels to the number of segregating sites or number of indel events in the fixed and polymorphic categories are likely to be significant, although there is no real difference in indel mutation dynamics. Furthermore, we used CON-STANS from C. spinosa as an outgroup to orient the indels as insertions or deletions where they occur in the phylogeny. The microsatellites in BniCOa and BniCOL1 or indels directly adjacent to those were not included in any of the above. Moreover, only indels in the coding region were considered.
Codon Substitution Analysis
Trees relating CO and CO-like genes were constructed from the aligned coding sequences using neighbor joining as implemented in MEGA version 3.1 (Kumar et al. 2004 ). The dN/dS ratios along the different branches were then estimated with PAML version 3.14 (Yang 1997) . In all analyses we used one sequence of BniCOa (allele COa_0212_2), the homologous gene from Brassica napus (BnaCOa; accession AY280868), AtCO (accession Y10556), BniCOL1 (allele COL1_0210_2), the homologous gene from B. napus (BnaCOL1; accession AY280868), AtCOL1 (accession Y10555), and, also, CONSTANS from Cleome spinosa (accession DQ415922). Figure 3 shows the phylogenetic relationship between these genes. Before the analysis, the microsatellite region, all noncoding regions, and all codons with alignment gaps were removed. Also, BniCOb was excluded, as it turned out not to be of special interest and including this sequence only increased the number of codons with alignment gaps. We used a maximum likelihood ratio test to compare a model with the same dN/dS ratio on all branches to models where, based on the results from the McDonald-Kreitman test, branches of interest were free to have a different dN/ dS ratio. We also used PAML to calculate pairwise dN and dS (Yang and Nielsen 2000) .
Results
Within-Species Polymorphism
There was a fourfold difference in overall nucleotide diversity among the three genes, with BniCOb having twice as much variation as BniCOL1, which in turn was twice as variable as BniCOa. This was also true when silent and nonsynonymous sites were considered separately (Table 1) as well as when only the seemingly nondegenerate alleles (those free of frameshift mutations and/or indels) of BniCOb were included.
To test whether the difference among loci could simply be the results of mutation and random genetic drift, we used Kreitman and Hudson (1991) statistic approximately follows a v 2 distribution when either all genes and all sites are completely linked or all sites (and genes) are completely independent (Kreitman and Hudson 1991). Since we compared three regions, the relevant number of degrees of freedom is 2, making both tests significant assuming a v 2 distribution. However, the assumptions underlying the v 2 approximation are clearly not met and we therefore also used coalescent simulations to test the hypothesis that difference among the three genes is simply due to mutation and random genetic drift. Apart from varying the recombination rate, the simulations were done under two different models. The first set of simulations considered three separate genes with the same lengths as our genes (242, 639, and 282 bp for the noncoding regions of COL1, COa, and Cob, respectively). The second set of simulations considered only one contiguous gene with a length of 1163 bp, i.e., the sum of the lengths of the three genes. For both sets of simulations and for each value of the recombination parameter, we simulated 10,000 samples of size 100. The h value for all simulations was set to a value such that the expected total number of segregating sites was the same as in our data (55). The results of these simulations are reported in Table 2 . It is clear that recombination is not the cause of the significance of our test values.
The estimated population recombination rate, q _ , using Hudson's (1987) method was 0.0129, 0.0080, and 0.0098 per site for BniCOb, BniCOL1, and BniCOa, respectively (Table 3) . Population structure influences the estimate of q, and Hudson's method overerestimates it, but this should not be a matter of concern here, as we are primarily interested in the relative values. We found no evidence of gene conversion except for two short tracts (2 and 4 bp) within BniCOb. Populations were highly and significantly differentiated at the three loci, with overall K ST values of 0.31, 0.49, and 0.51 for BniCOb, BniCOL1, and BniCOa, respectively. The lower K ST value obtained for BniCOb could, in part, simply reflect the fact that this gene was the most variable one. BniCOa was fixed in Ethiopia. France, Greece, and Turkey were generally the most variable populations, and Ethiopia the least variable one (Table 4) . The standard neutral model could not be rejected when no recombination was assumed. When recombination was assumed, only Fay and Wu's H was significant for BniCOb (Table 5 ). The sliding window option for Tajima's D in DnaSP (window length, 100 bp; step size, 25 bp) showed an interesting trend. There is a general tendency for Tajima's D to increase from 5 0 to 3 0 in BniCOL1 but decrease in the same direction in BniCOa (Fig. 1) . Finally, the intraspecific dN/dS ratio was lower for BniCOL1, dN/ dS = 0.19, than for BniCOa and BniCOb, with values of 0.37 and 0.38, respectively, suggesting a higher selective constraint on the former than on the latter two.
McDonald-Kreitman Tests and Sizes of Indels
We carried out a standard McDonald-Kreitman test to compare polymorphism and divergence at nonsynonymous and synonymous mutations, and an analogous test to compare polymorphism and divergence for the number of indels and different categories of segregating sites. The (Table 6 ). By contrasting the three contingency tables, there appears to be an excess of polymorphic synonymous mutations in BniCOL1. None of the indel tests were significant (data not shown).
Bias in Deletions
Using C. spinosa as an outgroup, we were able to classify almost all indels in the coding regions as either insertions or deletions. Figure 2 shows their distribution on the phylogeny, where the number to the left of a branch represents deletions and the number to the right insertions. The majority of indels are deletions (26 of 33) and most of the indels occur on B. nigra branches, but no clear trend could be detected between CO and COL1. The species effect can be explained by the fact that A. thaliana is a selfer and thus might have a smaller effective population size than B. nigra. It could also be a result of the triplicated nature of genes in B. nigra.
Codon Substitution Analysis
The motivation of this analysis was to try to understand the significant result of the McDonald-Kreitman test for COL1. In this test, the dN/dS ratio for polymorphic sites was much lower than the dN/dS ratio for fixed sites. However, it is not possible to tell from the McDonald-Kreitman test alone, compared to a background of selective constraint in this gene family, whether (i) there has been a recent increase in selective constraint in B. nigra, (ii) COL1 went through a period of relaxed selective constraint in Brassica during the period when there was more than one copy of this gene, or (iii) COL1 in A. thaliana is experiencing a relaxation of constraint. Thus, we are interested in the dN/dS ratios of (i) the external branch from B. nigra COL1 to the B. nigra/B. napus split ('B1' in Fig. 3 ), (ii) the internal COL1 branch from the Arabidopsis/Brassica split to the B. nigra/B. napus split ('B2' in Fig. 3) , and (iii) the external branch from the Arabidopsis/Brassica split to A. thaliana ('B3' in Fig. 3) . If the first hypothesis is true, we would then expect that a model with a lower dN/dS ratio on 'B1' is significantly more likely than a model where all branches have the same dN/dS ratio. Likewise, a model with a higher dN/ dS ratio on 'B2' or 'B3' being significantly better than a one-ratio model will lend support to the second and third hypotheses, respectively. Note specifically that we are interested in one-sided model testing, but if a two-sided test is significant, so is the one-sided one. We used PAML to compare the one-ratio model to the three models presented above. Both the model with a different dN/dS ratio on the COL1 branch to A. thaliana and the model with a different dN/dS ratio on the COL1 branch to B. nigra were significantly better-in a two-sided likelihood ratio test-than the one-ratio model (2DlnL = 5.41, df = 1, and 2DlnL = 4.15, df = 1, respectively). The estimated dN/dS ratios on these branches were also in line with the expectations (higher and lower than the background, respectively). A model where both branches are allowed to be different from the background is also significantly better than the one-ratio model (2DlnL = 8.71, df = 2). Figure 3 shows the estimated dN/dS ratios from this model. The model with a different dN/dS ratio on 'B2' was not significantly better than the one-ratio model (2DlnL = 0.02, df = 1). The high dN/dS ratio on 'B3' can be explained either by a generally lower selective constraint or by selection. We used the branch-site model procedure described by Yang et al. (2005) to search for evidence of selection. Yang et al. (2005) group the codons into three classes-neutral, selectively constrained, and positively selected codons. The likelihood ratio test then compares a model where the dN/dS ratio of the codons inferred to positively selected class is set to 1 on a branch of interest and a model where the dN/dS ratio of these codons is allowed to be higher than 1. We performed this test on 'B3' but it was not significant (2DlnL = 0.06, df = 1). Finally, in order to be able to better interpret different values of the ratio dN/dS, we also calculated dN and dS separately for different pairs of loci (Table 7) .
Discussion
The aim of the present study was to investigate the evolution of three genes, COa, COb, and COL1, in Brassica nigra, one of which, COL1, is a strong candidate for Note: The fixed segregating sites were corrected for multiple hits using the implementation of the Yang and Nielsen (2000) method in PAML. The number of intraspecific sequences used was 50 for COL1 and COa but only 33 for COb, as some of the COb sequences contained a very long deletion in the beginning of the coding region and these were not used Fig. 2 Phylogenetic tree with the number of insertion and deletion events on each branch. The number to the right of a branch represent insertions; the number to the left, deletions. Note that the 'polymorphic' part of the tree is a schematic representation and that branch lengths are not scaled control of flowering time in this species Krouchi et al., in press) , and another, COb, a putative pseudogene (Sjödin et al. 2007 ). We found evidence of selection at COL1 and patterns and levels of polymorphisms indeed differed among the three genes. Level of selective constraint on BniCOb was also consistent with BniCOb being a pseudogene. These results are discussed in turn below.
Evidence of Selection on COL1
Analysis of molecular variation at the three duplicated loci delivered a complex and contrasted picture of their evolution. Coalescent-scale-based tests such as Tajima's test showed no clear evidence of recent selection on any of the three genes. However, the Kreitman-Hudson test indicated that the difference in levels of nucleotide variation among the three loci could not be fully explained by a mutationrandom genetic drift model. Also, in contrast to the coalescent-scale tests, the McDonald-Kreitman test, which uses both polymorphism data and divergence data, detected evidence of selection on BniCOL1. In order to interpret the latter we analyzed the ratio of nonsynonymous and synonymous substitution rates (dN/dS) and found a significantly stronger selective constraint on BniCOL1 than on the other genes, as well as a relaxed selective constraint on AtCOL1. Let us first note that the significance of the McDonaldKreitman for BniCOL1 is in contrast to the results of Lagercrantz et al. (2002) . The difference between the two studies is due to a sharp increase in the number of synonymous polymorphisms, other categories being almost equal. The total number of segregating sites was 60 in the present study and 47 in Lagercrantz et al. (2002) . This could be due to the difference in sampling between the two studies, with the inclusion in the latter of two populations known a priori to differ from others, especially the Turkish population that flowered extremely late. The increase in synonymous polymorphisms relative to nonsynonymous polymorphisms could then simply be a consequence of enhanced population subdivision. However, the K ST values for the two types of sites were almost equal (K ST 0.45 for nonsynonymous, K ST 0.47 for synonymous).
So if the significance of the McDonald-Kreitman test for BniCOL1 is due to a deficit in polymorphic nonsynonymous changes relative to polymorphic synonymous changes, when did selection take place? The analysis of the dN/dS ratio indicates that the significant MacDonald-Kreitman reflects selection occurring after the divergence among Brassica species. This increase in constraint is consistent with the involvement of COL1 in the control of flowering time in Brassica nigra (Kruskopf-Ö sterberg 2002; Krouchi et al., in press ), a trait likely associated with fitness. In this respect, the relatively higher values of the coalescent-scale tests of COL1-compared to COa and COb-are noteworthy, as this would be expected if selection acted to maintain variation in the former but not in the latter genes. Similarly, the apparent relaxed selective constraint observed in AtCOL1 and the lower constraint in B. napus fit with available data. As already stated, altered expression of AtCOL1 in transgenic plants did not affect flowering time (Ledger et al. 2001) . In other Brassica species such as B. oleracea, B. rapa, and B. napus, QTL studies have suggested genes other than COL1 to be the most important for flowering time variation in these species (Schranz et al. 2002; Kim et al. 2006; Okazaki et al. 2007; Lou et al. 2007 ). Of course, this does not rule out the involvement of AtCOL1 in other, yet undetected, functions, and the possibility that the lack of evidence on the involvement of COL1 in the control of flowering time is simply reflecting a lack of power of the QTL studies carried out in other Brassica species.
Additional evidence that BniCOL1 may be under the influence of changing selection is the lack of variation in BniCOL1 and BniCOa in Ethiopia. This is suggestive of either of two things: a bottleneck or a selective sweep of the chromosomal region harboring BniCOa and BniCOL1. There is an overall decrease in variation in Ethiopia both in BniCOb and at microsatellite loci, but minor compared to the reduction in BniCOa and Bni-COL1 (Alström-Rapaport et al., in preparation). Consequently, the Ethiopian population has probably gone through a bottleneck. However, a recent study with genetic markers in the intergenic region between Bni-COL1 and BniCOa as well as markers outside these showed no variation in the intergenic region in Ethiopia, while some variation was present in a marker upstream of BniCOL1 (Krouchi et al., in press ). This almostcomplete depletion of variation in the BniCOa-BniCOL1 region compared to other regions suggests that, beside a bottleneck, a selective sweep might also have affected this region.
In short, an attractive explanation to our results is that the function or importance of COL1 in the control of flowering time has changed in the lineages leading to A. thaliana and B. nigra. The CONSTANS-LIKE gene family evolves exceptionally rapidly (Lagercrantz and Axelsson 2000) . In light of our results, this fast evolutionary rate could be due to frequent changes of, if not function, at least relative importance, of genes within the family. Such functional turnover has been suggested by some authors (Zuckerkandl 2001; Hughes 2005) to be common and may be especially relevant when studying species that have gone through one or several whole-genome duplications, as is the case for Brassica and Arabidospis.
Indel Variation Indicates That COb Is a Pseudogene
In contrast to the McDonald-Kreitman test, for which the only significant value was obtained for BniCOL1, none of the tests comparing the number of indels to the numbers of nonsynonymous and synonymous and all segregating sites (in the coding region) were significant. This was a bit surprising, as one would expect indels to behave similarly to nonsynonymous mutations and, thus, the test to be relevant in the COL1 case. A more conspicuous feature of the indel variation in our data set is the very long polymorphic deletion in BniCOb, which had no counterpart (in length) at the interspecific level. Although this could be an artifact if long deletions are very rare, it is difficult to believe that this would have occurred in a functional gene without being strongly selected against, especially as the deletion removed a major part of the highly conserved zinc finger region. A simple explanation is that BniCOb is a recent pseudogene, or at least that a large fraction of its alleles are nonfunctional, and that consequently selection against recurrent long deletions in nonfunctional genes is either weak or absent. Other results that also support the fact that BniCOb is a pseudogene, or at least on the way to becoming one, are its nucleotide polymorphism, which is twice as high as that of BniCOL1 and four times as high as that of BniCOa, and the presence at high frequencies of several apparently disabling mutations, including stop codons, frameshifts, and the wrong intron splice signal (for more details see Sjödin et. al. 2007 ).
Conclusion
We explain the significant excess of polymorphic synonymous mutations in a McDonald-Kreitman test comparing COL1 in B. nigra and A. thaliana as a result of a recent increase in COL1 in B. nigra paralleled by a recent decrease in A. thaliana. The CONSTANS-LIKE gene family evolves exceptionally fast (Lagercrantz and Axelsson 2000) , and in light of our results, this fast evolutionary rate could be due to frequent changes of, if not function, at least relative importance, of genes within the family. Frequent turnover, regarding which genes are involved in a particular pathway, has been suggested by some authors (Zuckerkandl 2001; Hughes 2005 ) to be common. If this is true, the genes in the CONSTANS-LIKE family make exceptionally good candidates to study this process, as their duplicated nature is likely to create a network of redundancy and pleiotropy.
To summarize, the data lead us to believe that BniCOb is a recent pseudogene, while there is a recent increase in selective constraint in BniCOL1. Whether or not these two events are correlated is not evident from our data. Studying the homologous genes in other Brassiceae species (that are affected by the same triplication as B. nigra [Lysak et al.2005] ) may be revealing in this respect.
